In recent years, we have learned much about the molecular pathways involved in intestinal polyp formation and colorectal carcinogenesis by studying families with rare autosomal dominant cancer syndromes. But despite progress in identifying the relevant pathways, our understanding of how these pathways regulate intestinal stem cell (ISC) behavior remains limited. On page 1117 of this issue, Xi He and colleagues 1 make some important observations using a new mouse model of juvenile polyposis syndrome (JPS), an inherited cancer syndrome resulting from loss-of-function mutations in BMP pathway components 2, 3 . Their data provide insights into the way ISC numbers are controlled and increase our understanding of the mechanism of crypt fission, an important phenomenon underlying the clonal expansion of intestinal tumors.
Pathways to polyposis
Intestinal polyps arise from single epithelial precursor cells by clonal expansion of their progeny 4 . An increase in the population of affected daughter cells occurs through multiplication (fission) of affected intestinal crypts and spreading of cells over the superficial epithelium, with overgrowth into unaffected neighboring crypts (Fig. 1a,b) 5 , mutations in BMP pathway components could interfere with programmed cell death, resulting in the epithelial overgrowth observed in JPS. But the mechanism underlying the increase in the rate of crypt fission in JPS remains unknown. The new work by He et al. 1 , together with a recent study by Haramis et al. 6 , sheds light on this issue and identifies some of the molecular pathways controlling crypt fission. Their findings not only are relevant for our understanding of JPS but also provide insights into the cellular behavior of sporadic (noninherited) polyps, precursors to the second most prevalent cause of cancer death in the Western world.
Linking pathways
He et al. used a conditional approach in mice to shut down BMP signaling in the intestinal epithelium. The mice had hamartomatous polyps similar to those seen in individuals with JPS, with amplification of epithelial precursor cell numbers and an increased rate of crypt fission. The authors then focused on the molecular mechanisms underlying this pre- cursor cell expansion and observed that both phosphatidyl inositol 3′ (PI3) kinase-AKT and β-catenin-T-cell factor (TCF) signaling seem to occur exclusively in ISCs. They further showed that, in Bmpr1a-negative polyps, the number of ISCs is greatly increased. This study presents the first evidence that these three pathways may be directly linked in regulating ISC expansion. There are two notable aspects to the authors' model. The first is that it links BMP signaling with β-catenin-TCF signaling. The classical Wnt pathway maintains the epithelial precursor cell phenotype 7 and controls the rate of crypt fission 8 , and deregulated β-catenin-TCF signaling is the initiating event in most adenomatous polyps 9 . The second notable aspect of the model is that it incorporates PI3 kinase signaling. Germline mutations in PTEN, encoding a negative regulator of the PI3 kinase pathway, have been found in 80-85% of individuals with Cowden syndrome, a disorder characterized by hamartomatous polyps similar to those seen in JPS 10 .
The authors hypothesize that β-catenin-TCF transcriptional activity in ISCs is activated by the PI3 kinase-Akt pathway, which in turn depends on the inactivation of PTEN by the BMP antagonist Noggin. This model is consistent with a previously described regulatory relationship between PTEN and BMP signaling 11 . Although activation of β-catenin through PI3 kinase signaling is somewhat controversial 12 13 . Lack of BMP signaling in the intestinal epithelium may lead to enhanced production of BMPs in the lamina propria or epithelial cells owing to the resulting loss of a normal feedback inhibitor (Fig. 1c,d) . It has been reported that BMP2 levels are increased in the intestines of mice treated with the BMP antagonist Noggin 5 .
High concentrations of BMPs probably stimulate growth of lamina propria cells (Fig.  1c,d) , as BMPs have previously been shown to stimulate proliferation of hematopoietic cells 14 and stromal cell types in the kidney 15 .
In conclusion, the studies by Haramis et al. and He et al. suggest that there is an important interplay between BMP and Wnt signaling in the control of ISC number and crypt branching. Some interesting lessons about epithelial-mesenchymal interactions may still be learned from their animal models of JPS.
